The angular distributions of protons travelling through thin polycrystalline gold targets (~15 nm) with incident energies in the range of 4-10 keV have been measured. The results confirm previous experiments at higher energies showing deviations from theoretical predictions based on the standard multiple scattering theory. In order to prove that the effect of crystal structure is one of the main causes of these deviations we have performed numerical simulations. To simulate the polycrystalline structure in a realistic way, we have made an analysis of the target by means of transmission electron microscopy (TEM) techniques. Including these characteristics in the simulation, together with the effect of vibrations and crystal disorder we analyzed the corresponding angular distribution. To evaluate the role of channeling, we also measured angular distributions of protons in a 〈100〉 gold foil and made the corresponding numerical simulations. The results show the critical influence of the target structure in the angular spectra of transmitted ions.
Introduction
During the last thirty years a large number of experimental results have been published involving multiple scattering of protons in thin films. Most of these studies have been made using amorphous and polycrystalline materials. The interpretation of the measurements has been developed following a theoretical approach based on Meyer's [1] and Sigmund's [2] models for the multiple scattering of ions transmitted through thin amorphous films. However, the assumption of amorphous targets -while, in most of the experiments, polycrystalline targets have been used-, is a significant limitation for the prediction of angular distributions [3] and for the use of multiple scattering (MS) models such as those from Refs. [1, 2] . At low energies where additional limitations for the application of MS models -such as the nonapplicability of the small angle approximation -appear, the availability of theoretical models is even more critical.
The aim of our work is to study the angular distribution of low-energy protons transmitted through thin gold films in an attempt to shed light on possible mechanisms responsible for the influence of the crystal structure on multiple scattering.
We have measured angular distributions of protons which have travelled through thin polycrystalline gold targets (~15 nm) with incident energies in the range of 4-10 keV. The results confirm previous experiments at higher energies [3] showing deviations from the theoretical predictions based on the standard multiple scattering theory [1, 2] . In order to prove that the effect of crystal structure is one of the main causes of these deviations we have performed numerical simulations which take into account the simultaneous interaction of the proton with nearest neighbours situated in the positions corresponding to a f.c.c. lattice.
To simulate the polycrystalline structure in a realistic way, we have made an analysis of the target by means of transmission electron microscopy (TEM) techniques. We observed that it was composed of microcrystals of a variety of sizes and irregular shapes (5 nm to 40 nm). That means that in a fraction of the target there is a superposition of two or more microcrystals. The most frequent are between 10 nm and 15 nm. The microcrystals are randomly oriented and there is a significant fraction of twins (30% to 40%) inside the biggest ones. Including these characteristics in the simulation, together with the effect of thermal vibrations and crystal disorder produced by vacancies, interstitials, grain border and elastic strains, we analyzed the corresponding angular distributions.
The simulation results for the polycrystalline target suggest an important contribution of channeling effects in angular distributions. To understand the influence of the channelling effect, we have measured the angular distributions of 10 keV protons transmitted through a thin monocrystalline gold target (10 nm) oriented in 〈100〉 direction, and also for this case we made numerical simulations. As for the polycrystalline targets a TEM analysis was performed and a significant amount of small failures was found, but no twins were detected.
The simulation results are compared with the experiments, both for monocrystalline and polycrystalline gold foils, showing the critical influence of the target structure in the angular spectra of the transmitted beam.
Experimental method and simulations
The experimental arrangement has been described previously [4] . The angular analysis has been made rotating an electron multiplier detector with angular resolution of 1.9° in the case of polycrystalline targets, and 0.5° in the channeling experiment where an electrostatic analyzer preceded the detector. This analyzer allowed to filter out ions traversing pinholes present in the monocrystalline targets. When using this technique each point of the angular distribution was obtained integrating de corresponding energy spectrum.
Self-supported polycrystalline targets were elaborated by evaporation under clean vacuum conditions on a very smooth plastic substrate [5] , which was subsequently dissolved. The foil thickness (15.3 nm) of the polycrystalline target was determined by matching proton energy-loss measurements to the stopping power tables of Andersen and Ziegler [6] . The smoothness of the foils was checked by the method described in Ref. [7] . The result was an estimated roughness of less than 12%. The monocrystalline target used in the channeling experiments was a commercial one [8] . It had a thickness of 10 nm. and it was oriented in the 〈100〉 direction.
In the simulations the crystal structure is taken into account situating the ion in the central cell of a cluster of 3 × 3 × 3 fcc cells. The resultant force of the interaction of the ion and all the surrounding atoms inside this cluster, up to a distance equivalent to one lattice constant, is derived from different types of screened Coulomb potentials. The trajectory of the ion is obtained by the discretization of the standard kinematic equations into time steps. Each time the ion exits the central cell of the cluster a new slab of 3 × 3 cells is generated in the corresponding direction. The backward slab of cells is eliminated and therefore the projectile is always in the central cell of a 3 × 3 × 3 cluster.
The different starting points of the projectile when it hits the foil are simulated randomizing the initial position inside the central cell of the first cluster. In the case of a polycrystal the different random orientations of the microcrystals are simulated by randomizing the initial direction of the projectile relative to a coordinate system coincident with the principal axes of the crystal. When the ion travels through two or more overlapped microcrystals the direction of the new microcrystal is again simulated randomly changing the ion direction.
The angular distributions are obtained recording the emergence angle of each ion after a number of time steps corresponding to the target thickness. Figure 1 shows experimental angular distributions for channeled 10 keV protons in a 10nm monocrystalline gold foil oriented in the 〈100〉 direction and the corresponding simulation results using several potentials. In order to compare in a realistic way we have convoluted the simulation results with the detector acceptance. The results show a reasonable agreement when using a Moliere potential whose screening distance is incremented by 80% and when increasing the thermal vibration amplitude by 100% respect to the corresponding to ambient temperature. We consider that this increment of the thermal vibration amplitude takes into account the influence of extra lattice disorder (grain borders, interstitials, vacancies, and other possible defects such as small failures in the crystal structure), but we consider this modification as tentative and subject to further investigation. These results are in agreement with previous works where simulations has been performed by other methods [9, 10] . However our simulations also showed that the influence of small initial angular deflections, small surface defects and a thin layer of light molecules adsorbed at the surfaces was negligible. We also evaluated the influence of electronic scattering including in the simulation an additional fluctuation in the angular dispersion due to scattering with target electrons according to the semiclassical approach used in Ref. [11] . The effect obtained in this way was found to be negligible. The simulation curves shown in Fig. 2 are the results after modifying the screening distance and the thermal vibration amplitude for a 〈100〉 oriented crystal and for single layer, also 10nm thick, of tiny crystals with random orientation. We note that there is a significant difference between the two curves. This figure also shows the multiple scattering function for an amorphous target of the same thickness. It yields a distribution considerably broader even than the corresponding to the random oriented tiny crystals. We assume that this is caused by ion channeling in those microcrystals which are adequately oriented.
Experimental results vs. simulation results

Channeling
In order to prove the consistence of our simulation results we also simulated the experiments performed by Machlin et al. [9] and obtained a very good agreement with their measurements modifying Moliere's screening distance and the thermal vibration amplitude in the same percentage we had used to simulate our experiments. e x p e r im e n t s im u la tio n , 1 c r y s ta l la y e r s im u la tio n , 2 c r y s ta l la y e r s s im u la tio n in c lu d in g tw in s s im u la tio n , r e a l ta r g e t m u lt i p l e s c a t t e r i n g t h e o r y normalized yield per solid angle a n g le ( d e g )
Polycrystalline target
Figures 3 and 4 show the experimental results for 10 keV protons traversing a 15.3 nm polycrystalline foil. To obtain a realistic representation of the polycrystalline target in the simulation we considered the microcrystal sizes and their appearance frequencies resulting from the TEM analysis. The target was considered as constituted by 3 sections and summed up the simulation results for each of them. One section, covering 30% of the area, constituted by microcrystals larger than 15 nm, without defects; a second one, also covering 30%, formed by microcrystals of the same size, however containing twin sequences; and the remaining section of 40% constituted by a superposition of 2 microcrystals of sizes between 5 and 15 nm. It can be observed that if standard potentials (Moliere, Lenz-Jensen, ZBL) are used no agreement with the experimental results are achieved even incrementing the thermal vibration (see Fig. 3 ), however, increasing the screening distance in Moliere's potential by the same percentages used for the channeling simulations, we obtain a good agreement as it is shown in Fig. 4. 
Conclusions
We have confirmed the discrepancies between theoretical angular distribution for amorphous targets and measured angular distribution for a polycrystalline gold target observed at higher energies [3] .
We interpret that angular distributions of protons traversing a gold polycrystalline target are influenced by the fraction of microcrystals oriented in channeling directions as well as by crystal imperfections. The deterministic method we have used required modifications of the standard potentials to achieve an agreement with experimental results. In particular we have obtained the best results by modifying the screening distance of a Moliere potential. This way we have been able to reproduce the half-angle of the angular distributions in our experiments with polycrystalline and monocrystalline targets and also in other previous experiments performed by Machlin et al. [9] .
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Fig. 4
Experiment vs. simulation results using a modified Moliere potential. The standard Moliere screening length has been incremented by 80%. Thermal vibrations amplitude is twice the corresponding to 300 K. The multiple scattering curve was calculated using the formalism of Ref. [2] , with a standard Moliere potential.
